The nervous system maintains a delicate balance between excitation and inhibition, partly through the complex interplay between voltage-gated sodium and potassium ion channels. Because K ؉ channel blockade or gene deletion causes hyperexcitability, it is generally assumed that increases in K ؉ channel gene expression should reduce neuronal network excitability. We have tested this hypothesis by creating a transgenic mouse that expresses a Shaker-type K ؉ channel gene. Paradoxically, we find that addition of the extra K ؉ channel gene results in a hyperexcitable rather than a hypoexcitable phenotype. The presence of the transgene leads to a complex deregulation of endogenous Shaker genes in the adult central nervous system as well as an increase in network excitability that includes spontaneous cortical spike and wave discharges and a lower threshold for epileptiform bursting in isolated hippocampal slices. These data suggest that an increase in K ؉ channel gene dosage leads to dysregulation of normal K ؉ channel gene expression, and it may underlie a mechanism contributing to the pathogenesis of human aneuploidies such as Down syndrome.
Ion channel gene families typically encode membrane proteins that form multimers with similar, yet distinct, functional properties. One of the most extensive gene families is the voltage-gated K ϩ channel superfamily (1, 2) . Members of this gene family are outward-rectifying K ϩ channels and can be classified into four subfamilies, Kv1, Kv2, Kv3, and Kv4 on the basis of amino acid identities. Kv1-4 K ϩ channels delimit the duration of the action potential and repetitive firing properties of excitable cells. Within this superfamily, functional diversity arises predominantly through subfamily-specific formation of homo-and heterotetrameric complexes of ␣ subunits (3, 4) . However, in the Kv1 gene subfamily, further heterogeneity occurs through the association of ␣ transmembrane subunits with accessory cytoplasmic ␤ subunits (5-7). These cytoplasmic ␤ subunits can function both as chaperone proteins to direct localization of specific ␣ subunits to the plasma membrane and as modulators of K ϩ channel inactivation (8, 9) .
Insight into the role that K ϩ channels play in controlling neuronal excitability has come from studies of natural and induced mutations. Missense point mutations in the human voltage-gated K ϩ channel gene Kv1.1 are linked to episodic ataxia type 1 (10, 11) . Expression of mutant Kv1.1 subunits with wild-type subunits in Xenopus oocytes results in a suppression of the corresponding K ϩ channel current and suggests that these missense mutations act through a dominant-negative effect (12) . Introduction of a null mutation into the mouse Kv1.1 gene results in an epileptic phenotype characterized by frequent spontaneous tonic-clonic seizures leading to increased morbidity in young animals, as well as alteration of axonal action potential conduction in the sciatic nerve (13) .
Precise spatiotemporal expression of each K ϩ channel subunit gene is also critical during brain development (14, 15) . Overexpression of Kv1.1 mRNA in amphibian embryos leads to larger delayed-rectifier K ϩ channel currents, shorter action potentials, and a reduction in the number of morphologically differentiated neurons in culture (16) . In the mammalian central nervous system (CNS), the regulatory mechanisms that coordinate K ϩ channel subunit gene expression and hence the stoichiometry of heteromeric ion channels are poorly understood. The complexity of Kv1 gene expression suggests that alterations in K ϩ channel gene copy number could result in multiple changes in the regulation of other K ϩ channel genes. Here we report a genetic approach to address this hypothesis through the overexpression of an Aplysia Shaker-type K ϩ channel gene (AKv1.1a) (17) in the murine CNS. We refer to this transgenic mouse as HypK.
Expression of the transgenic protein was detected in both neuronal cell somas and dendrites and resulted in a dysregulation of endogenous K ϩ channel Kv1 gene transcription and a paradoxical hyperexcitable phenotype in regions of the CNS corresponding to AKv1.1a expression. These data show that the presence of an extra K ϩ channel gene during CNS development alters the regulation of endogenous K ϩ channel genes, both within the Kv1␣ subfamily and between the interacting Kv␤ subunit genes. These findings suggest that dysregulation of K ϩ channel gene expression may contribute to an underlying pathogenic mechanism for neurological disorders associated with altered gene dosage. codon for the K ϩ channel cDNA to increase the translation efficiency of the transgene. FVB mouse pronuclei were injected with a 6.5-kbp ScaI fragment prior to implantation into pseudopregnant females. Offspring were screened for the presence of the AKv1.1a sequence by using PCR and Southern blot analysis. Genomic DNA preparations from tails were characterized for transgene expression by Southern blot analysis using a 32 P-labeled nick-translated probe complementary to the CITE sequence. The Southern blot was hybridized overnight at 55°C and washed at 65°C in 0.1ϫ standard saline citrate (SSC). The PCR products were electrophoresed on a 0.8% agarose gel, prior to transfer onto a nylon membrane and hybridization with a 32 P-labeled oligonucleotide probe internal to the PCR-amplified sequence. The Southern blot was washed at 55°C in 0.1ϫ SSC and exposed to Kodak XAR film for 6 hr at room temperature. Three separate lines were identified, 836, 840, and 842, and they were maintained as hemizygotic through sibling crosses.
MATERIALS AND METHODS

Generation and Genotyping
In Situ Hybridization and Immunocytochemistry. In situ hybridization was performed as outlined by Wisden and Morris (18) . Subunit-specific 45-mer antisense oligonucleotides were designed to nonhomologous regions of Kv1␣ and Kv␤ K ϩ channel subunit cDNAs, as determined by amino acid alignments of mouse, rat, and Aplysia protein sequences. Horizontal 12-m HypK mutant and age-matched control (ϩ͞ϩ) brain sections were probed with subunit-specific Kv1␣ and Kv1␤ K ϩ channel antisense oligonucleotides (Genosys) that were 3Ј-end labeled by using terminal deoxynucleotidyltransferase (Promega) and deoxyadenosine 5Ј-[␣-[ 35 S]thio]triphosphate (1300 Ci͞mmol; NEN; 1 Ci ϭ 37 GBq) to a specific activity of 10 9 dpm͞mg. Hybridization reactions were incubated overnight at 42°C, prior to washing in 0.3ϫ SSC and 10 mM DTT, for 30 min at 55°C. Reverse images were printed directly from the x-ray film. Densitometry was performed with NIH IMAGE software by observers blinded to the tissue genotype. Triplicate determinations of density were made in a precalibrated sample area within standardized regions of each brain section, and the ratio with respect to the adjacent white matter density was determined to normalize between sections. The means of these values for each genotype were then expressed as the ratio of mutant to wild-type control density levels for each subunit.
Immunocytochemistry was performed with a monoclonal antibody for HSV glycoprotein D (HSV-Tag, Novagen). Agematched HypK adult transgenic and (ϩ͞ϩ) FVB mice were anesthetized and perfused intra-aortically with 1ϫ phosphatebuffered saline (PBS) followed by Accustain (Sigma) containing 4% formaldehyde. Brains were removed and fixed overnight in Accustain at 4°C, followed by cryoprotection in Accustain containing increasing concentrations (10-25%) sucrose, at 4°C. Horizontal sections (40 m) were incubated at 25°C for 1 hr in Tris-buffered saline (TBS) containing 4% goat serum and 0.1% Triton X-100, rinsed three times in TBS containing 0.1% Triton X-100, and incubated in 0.3% hydrogen peroxide diluted in methanol for 30 min. The sections were washed three times in TBS containing 0.1% Triton X-100 prior to overnight incubation in TBS containing 0.1% Triton X-100, 2% normal goat serum, and 1 g͞ml HSV-Tag antibody. HSV-Tag immunoreactivity was detected by using an ABC Elite Mouse IgG kit (Vector Laboratories) and 3,3Ј-diaminobenzidine (DAB) substrate kit (Vector Laboratories) as outlined in the manufacturer's protocols.
Cortical Electroencephalogram (EEG) Recordings. Mice were anesthetized and bilateral cortical surface electrodes were implanted through cranial burr holes leading to a microminiature connector cemented to the skull. After several days of recovery, spontaneous electrocortical activity was recorded in the behaving animal for 60-min periods. Discharges were characterized by their frequency of appearance, duration, and spike frequency.
Hippocampal Slice Recordings. Hippocampal slices (400 m thick) were prepared from adult mice and recordings were carried out at 32-34°C under standard conditions in an interface chamber. The control solution contained 125 mM NaCl, 25 mM NaHCO 3 , 2 mM CaCl 2 , 1 mM MgCl 2 , 25 mM dextrose, and 2.5 mM KCl. Extracellular field potential recordings were made from area CA1, and only slices that exhibited Ͼ2-mV excitatory postsynaptic potential (EPSP) responses in normal saline and synchronous discharges in 10 mM K ϩ were used. Slices were serially exposed to various external K ϩ concentrations for 1-hr periods, and discharge frequency and duration were measured. Recordings were made from two to six slices per animal.
RESULTS
Generation of a Transgenic Shaker-Type K ؉ Channel Mouse. Three lines of transgenic mice were generated expressing a construct containing the Aplysia AKv1.1a Shaker-type K ϩ channel cDNA, behind a fragment of the human HPRT promoter that drives CNS-specific expression (19) (Fig. 1) . To allow unambiguous immunocytochemical identification of the transgenic protein, an 11-amino acid epitope tag from HSV glycoprotein D was added to the C terminus. The addition of the HSV epitopic marker resulted in the deletion of the AKv1.1a C-terminal ETDV sequence, which has been demonstrated in vitro to be necessary for subcellular specialization (20) . The modified K ϩ channel cDNA was able to combine with mammalian Shaker subunits and form a functional channel in Xenopus oocytes. Transgenic mice showed no obvious behavioral or neurological deficits. Two strains were chosen for analysis, the high copy number (15 transgene copies) 836 strain and the lower copy number (4 transgene copies) 842 strain.
Localization of the Transgenic Protein in the HypK Mouse. The presence of AKv1.1a was detected by in situ hybridization with a subunit-specific antisense oligonucleotide probe. AKv1.1a mRNA was found in several brain areas, including neocortex, hippocampus, and cerebellum. Using a peptide antibody to the HSV sequence tag, we detected the strongest immunoreactivity in the cerebral cortex and hippocampus ( Fig. 2 A and B) . In both regions, pyramidal cell somas and dendrites were heavily stained, indicating that the invertebrate AKv1.1a protein was localized to subcellular compartments (Fig. 2C) . Specific staining of interneurons was less evident, and no glial staining was seen.
Analysis of Endogenous Kv1 ␣ and ␤ Subunit Gene Expression. We tested the hypothesis that the presence of extra K channel transgene or upregulation of native subunits might lead to reduced neuronal excitability, electroencephalograms were recorded from adult neocortex by using chronically implanted surface electrodes. Unexpectedly, the HypK mice showed spontaneous abnormal discharges (Fig. 4A) , similar to those seen in genetic models of spike-wave epilepsy (21) . Discharges were present in both strains examined, excluding the possibility of a de novo insertional mutation, and were more frequent in the high-copy number (836) strain. No abnormal seizure activity was observed in control FVB mice. We tested whether enhanced excitability might be present in hippocampal networks by examining in vitro slices. Latent network hyperexcitability was revealed by elevating extracellular potassium concentration ([K ϩ ] ext ) in the bathing solution to produce network bursting. In slices bathed in supramaximal (10 mM) [K ϩ ] ext solutions, mutant slices demonstrated a small (Ϸ20%) but significant increase in the duration of the synchronous discharge (ϩ͞ϩ ϭ 97 Ϯ 4 ms; HypK ϭ 116 Ϯ 7 ms: t test P Ͼ 0.05) (Fig. 4B) , a feature seen in other spike-wave mutant models (22) . The threshold for triggering synchronous network discharges was also decreased in HypK slices. At doses near the seizure threshold (7.5 and 8.5 mM) in wild-type slices, [K ϩ ] ext elevation raised the probability of bursting nearly 2-fold in HypK slices (bursting activity appeared in 11͞36 (31% in 7.5 mM K ϩ ) and 17͞29 (59% in 8.5 mM K ϩ ) of ϩ͞ϩ slices (n ϭ 13 mice), (Fig.  4C) .
DISCUSSION
These data demonstrate the stable expression of an invertebrate K Can the observed dysregulation of native Shaker ␣ and ␤ subunits in the HypK transgenic mouse directly explain the hyperexcitable phenotype? A numerical increase in most Kv␣ subunits would be inconsistent with enhanced excitability; similarly, since Kv␤1 promotes channel inactivation, the decreases of Kv␤ subunits in several regions should prolong channel activity and thus accelerate membrane repolarization. One intriguing possibility is suggested by the recent finding that Kv␤2 may play a chaperone-like role in K ϩ channel protein trafficking, at least for Kv1.2 (24) . Thus the reduced Kv␤2 mRNA levels observed in HypK brain might alter subcellular targeting and decrease the functional expression of K ϩ channel proteins in membranes, despite elevated levels of Kv␣ mRNAs. This spatial regulation could be especially important in modulating excitability in specific subcompartments of the neuron, for example in hippocampal dendrites, where low-voltage A-type currents dampen electrical propagation of Na ϩ and Ca 2ϩ action currents (25) . Decreases in native A currents or replacement by the higher threshold, longer inactivating AKv1.1a current would limit recovery from both subthreshold and action potential depolarization and interfere with dendritic integration, especially during increased firing activity.
Could the dysregulation of endogenous Kv1 gene expression be a direct result of seizure activity? Previously, changes in K ϩ channel gene regulation have been observed in a pentylenetetrazole-induced convulsive seizure model, where both Kv1.2 and Kv4.2 mRNAs were transiently down-regulated (26) . Hence some or all of the changes in Kv1 ␣ and ␤ K ϩ channel mRNA levels seen in the HypK mouse could be due to acute seizure-driven changes in gene expression. The possibility that all changes in K ϩ channel mRNA levels might be an exclusive consequence of the epileptic phenotype rather than a contributor to it is unlikely, however, since in situ hybridization analysis of brain sections in an unrelated epileptic mutant, stargazer, with a Ͼ10-fold more severe spike-wave seizure Values represent ratio of the mean optical density from triplicate densitometric determinations of each specific hybridized probe in HypK brain sections divided by those from matched ϩ͞ϩ brain sections. Regulation of native mRNA levels by AKv1.1a transgene expression was neither region nor subunit dependent. *Levels in mutant brain altered by 25% or greater. phenotype, revealed no change in K ϩ channel mRNA levels (data not shown). Taken together, these observations suggest that at least some of the changes in endogenous Kv1 gene regulation in the HypK transgenic mouse are not seizuredriven but are instead a consequence of disrupting coordinated Kv1 gene expression during CNS development.
Since K ϩ channels play an important, but still incompletely characterized, role in nervous system development (14-16), changes in K ϩ currents resulting from expression of the AKv1.1a transgene could have profound effects on normal CNS development and excitability. These changes could prove to be heterogeneous in different brain pathways, depending on the types of endogenous K ϩ channels expressed. Single cell analysis will be required to demonstrate the functional expression of the Kv1.1␣ transgene within the dendrites, soma, and axon to determine the developmental impact of increased K ϩ channel currents on the integration of synaptic impulses, spike electrogenesis, and neurotransmitter release within an identified circuit.
Our data indicate that transgenic insertion strategies that modify ion channel gene dosage can lead to extensive cellspecific remodeling of endogenous ion channel gene expression within the CNS. The extent of secondary gene dysregulation adds an important dimension of developmental plasticity to the interpretation of gene function by transgenic mutational analysis, and to potential gene therapy strategies. This pattern of molecular plasticity might also contribute to the pathogenesis of deleterious neurological phenotypes in human gene duplication and aneuploidy syndromes (27) , one of which (trisomy 21) is known to include two potassium channel genes within the critical region for Down syndrome (28, 29) and is associated with cognitive impairment and an increased incidence of seizures (30) .
